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5. (Once Amended) A magnetic head comprising the magnetic sensor 
according to [any one of claims] claim 1 [to] ^ 4 or 2 . 



6. (Once Amended) A magnetic encoder comprising the magnetic 
sensor according to [any one of claims] claim 1 [to] ^ 4 or 2 . 



10. (Once Amended) A magnetic head according to [any one of claims] 
claim 7 [to 9] Qr_S, wherein 

the member of high permeability is a shield layer formed, spaced from 
the ferromagnetic tunnel junction element. 

1 1 . (Once Amended) A magnetic head according to [any one of claims] 
claim 7 [to 10] or 8 , wherein 

the thickness of the barrier layer near the edge of the fixed layer is larger 
than a thickness of the barrier layer near a central part of the fixed layer. 

12. (Once Amended) A magnetic head according to [any one of claims] 
claim 7 [to 1 1] or 8 , wherein 

the free layer is formed wider in a region spaced from the signal 

detection surface. 



1 3 . (Once Amended) A magnetic head according to [any one of claims] 
claim 7 [to 12] or 8 , wherein 

the fixed layer is not exposed to the signal detection surface. 
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1 4. (Once Amended) A magnetic head according to [any one of claims] 
dlaim 7 [to 13] or 8 ., wherein 

the member of high permeability is grounded. 



15. (Once Amended) A magnetic head according to [any one of claims] 
oimm 7 [to 14] or 8 ., wherein 

the free layer in a region which is not opposed to the fixed layer is bent 
away from the fixed layer. 

16. (Once Amended) A magnetic head according to [any one of claims] 
claim 7 [to 15] or 8 , wherein 

the ferromagnetic tunnel junction element further includes another fixed 
layer which is opposed to the free layer through another barrier layer formed on the other 
surface of the free layer, a magnetic direction of said another fixed layer being fixed by 
another antiferromagnetic layer which is adjacent thereto. 

17. (Once Amended) A hard disk device comprising the magnetic head 
according to [any one of claim 5 and claims] claim 7 [to 16] or 8 . 
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Applicants respectfully request that these claims be considered with the 
examination of the remaining claims. 
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[CROSS REFERENCE TO RELATED APPLICATION] 

This applxca-tion is a Continuation of PCT application 
No. PCT/JP99/05568, which was filed on October 8, 1999, and 
which designated the United States. 

[TECHNICAL FIELD] 

The present invention relates to a magnetic sensor, a 
magnetic head, a magnetic encoder and a hard disk device, 
more specifically, a magnetic sensor, a magnetic head, a 
magnetic encoder and a hard disk device which utilize a 
ferromagnetic tunnel junction. 



[BACKGROUND ART] 

Some electronic devices utilize tunnel phenomenon. 
The tunnel phenomenon generally means a phenomenon that 
particles, e.g., electrons, etc., having lower kinetic 
energy than a potential barrier can pass the potential 
barrier to transit. The tunnel phenomenon is a phenomenon 
which cannot be explained by classical mechanics, but is 
characteristics of quantum mechanics and can be explained 
by quantum mechanics. A wave function of a particle 
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propagates inside the potential barrier toward outside the 
potential barrier, attenuating, and unless an amplitude of 
the wave function is zero outside the potential barrier, 
the wave function propagates as a progressive wave, and can 
exit the potential barrier. 

As examples of the tunnel phenomenon are known the 
phenomenon that a-particle is emitted from an atomic 
nucleus by a-decay, the phenomenon that electrons are 
emitted from the surface of a metal when a high voltage is 
applied to the metal (field emission), the phenomenon that 
when a high reverse bias is applied to a pn Junction of a 
semiconductor, electrons punch through a depletion layer, 
and other phenomena • The tunnel phenomenon is practically 
a very important quantum mechanic effect. 

A typical phenomenon as the tunnel phenomenon used in 
electronic devices is that when a voltage is applied to the 
metals on both sides of a "metal/insulator/metal" Junction, 
a little current flows when the insulation is sufficiently 
thin. This phenomenon is one that takes place because an 
electron has a low probability of passing through an 
insulator, which usually does not conduct current, owing to 
the quantum mechanic effect when the insulator has a 
thickness of some angstroms (A) to tens A and is as thin as 
preferably some A to ten-order A. The current is called 
"tunnel current", and a Junction of such structure is 
called a "tunnel junction". 
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In order to realize a very thin insulation layer for 
realizing the tunnel junction, usually an oxide film of a 
metal layer is used as an insulator barrier. For example, 
such insulator barrier is formed by oxidizing a surface 
layer of aluminum by suitable oxidation, such as natural 
oxidation, plasma oxidation, thermal oxidation or others. 
A film thickness of an oxide film can be controlled by 
adjusting oxidation conditions in accordance with used 
oxidation, and can have a required thickness of some 
angstroms (A) to tens A. The thus -formed aluminum oxide is 
a very thin insulator and can function as a barrier layer 
of a tunnel junction. 

When a voltage is applied between the metals of the 
tunnel junction of the above-described "metal / oxide film 
/ metal", which are on both sides thereof, the current 
corresponding to the applied voltage characteristically 
exhibits non-linearity, which is different from linearity 
exhibited by the usual resistor. Electronic devices having 
such tunnel junction are used as non- linear devices. 

Then, the structure "ferromagnetic metal / oxide film 
/ ferromagnetic metal", which has the metals of the "metal 
/ oxide film / metal" on both sides replaced by the 
ferromagnetic metals is called "ferromagnetic tunnel 
junction". It is known that in the ferromagnetic tunnel 
junction a tunnel probability (tunnel resistance) depends 
on a magnetized state of the magnetic layers on both sides. 
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In other words, it: is possible "to cont:rol the tunnel 
resistance by changing a magnetized state of the magnetic 
layers on both sides by a magnetic field. When a relative 
angle between magnetic directions of both magnetic layers 
is represented by 9, a tunnel resistance R is expressed by 

R = Rs + 0.5xAR(1- cosG ) (1) 

Rs represents a tunnel resistance at the time that a 
saturated magnetic field is applied. Two magnetic 

directions on both sides are oriented in directions of the 
magnetic field application. AR represents a change of the 
tunnel resistance . 

What Formula ( 1 ) means is that when the two magnetic 
layers are magnetized in the same direction in a saturated 
magnetic filed, a relative angle 6-0° (cosG-l), and a 
tunnel resistance R=Rs, In contrast to this, when the two 
magnetic layers are magnetized in direction opposite to 
each other in a saturated magnetic field, a relative angle 
in the magnetic directions 0=180° (cos0=-l), and a tunnel 
resistance R-Rs+AR. In the absence of a magnetic field, as 
will be described later, one of the two magnetic layers has 
a magnetic direction fixed as the magnetic layer on the 
fixed side, and the other magnetic layer has a magnetic 
field direction weakly controlled in a domain as the 
magnetic layer on the free side so that the magnetic filed 
direction is orthogonal to a magnetic direction of the 
fixed side-magnetic layer. At this time, a relative angle 
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between the magnetic direction of the two magnetic layers 
is G=90° (cose=0), and a tunnel resistance R=Rs+0.5xAR. 

That is, when magnetic directions of both magnetic 
layers agree with each other (6=0°), a tunnel resistance 
R=Rs, which is minimum. When magnetic directions of both 
magnetic layers are opposite to each other (9=180°), a 
tunnel resistance Ro = Rs4-AR, which is maximum. Accordingly, 
magnetic directions of both magnetic layers are set in the 
absence of a magnetic field to be 9=90°, whereby a 
resistance value changes linearly, centering on a 
resistance value given when 9=90°, and linear outputs can 
be obtained. 

Such phenomenon is attributable to that electrons in 
the ferromagnetic bodies are polarized. Usually electrons 
in a substance are up electrons, whose spin state is 
upward, and down electrons, whose spin state is downward. 
The non-magnetic metal has equal numbers of up electrons 
and down electrons, and does not exhibit magnetism as a 
whole non-magnetic metal. However, the magnetic metal has 
a number of up electrons ( Nup ) and a number of down 
electrons ( Ndown ) which are different from each other, and 
exhibits as a whole magnetic metal magnetism (i.e., up 
magnetism or down magnetism) of the electrons whose number 
is larger. 

It is known that electrons tunnel one of the magnetic 
layers on both sides to the other magnetic layer through 
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the thin oxide film, these electrons tunnel with spin 
states of the respective electrons retained* Accordingly, 
when an electron state of the tunneled magnetic layer has 
voids, the tunneling is possible, but the tunneling is 
impossible when the electron state of the tunneled magnetic 
layer has no void. 

As expressed below, a tunnel resistance change ratio 
(AR/Rs) is expressed by using a product of a polarizability 
(also called deflected magnetic susceptibility) of a 
magnetic layer (to tunnel) as an electron source and a 
polarizability of a magnetic layer (to be tunneled). 

AR / Rs = 2 X Pi X P2 / ( 1 - Pi X P2 ) ( 2 ) 

where Pi represents a polarizability of one of the magnetic 
layers, and P2 represents a polarizability of the other of 
the magnetic layers, A polarizability P of the magnetic 
layer is expressed as follows. 

P - 2 X ( Nup - Ndown ) / ( Nup + Ndown ) ( 3 ) 

where Nup represents a number of up electron in the magnetic 
layer, and Ndown represents a number of down electrons in the 
magnetic layer. 

A polarizability P of a magnetic layer depends on a 
kind of a ferromagnetic layer metal. However the magnetic 
layer often has a polarizability of approximately 50% 
depending on a kind, and in this case a tunnel resistance 
change ratio ( AR/Rs ) of tens percent can be expected. 

As the conventionally known magnetoresistance (MR) 
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effect, a resistance change ratio is about 0.6% for 
anisotropic magnetoresistance (AMR) effect, and for giant 
magnetoresistance (GMR) effect, a resistance change ratio 
is some percentage to ten-order percent* The tunnel 
resistance change ratio is remarkably higher in comparison 
with the changes of AMR and GMR, and can be expected to be 
applied to magnetic heads, magnetic sensors, etc. 

As a typical application of GMR to a magnetic head, 
the spin valve structure is known. The applicant of the 
present application has already proposed a TMR (tunnel-MR) 
head having the above-described ferromagnetic tunnel 
Junction applied to the spin valve structure. 

The spin valve structure uses a structure in which a 
magnetic metal layer is disposed between two magnetic 
layers, and an antif erromagnetic layer covers the upper 
surface of one of one of the magnetic layers so as to fix 
a magnetic direction of said one of the magnetic layers. 
As a ferromagnetic tunnel junction, a thin oxide film is 
disposed between two ferromagnetic layers as described 
above . 

FIG- lA is a sectional view explaining the 
ferromagnetic tunnel structure. The spin valve structure 
having the ferromagnetic tunnel junction typically 
comprises, as exemplified in FIG. lA, a lower electrode 2 
formed on a silicon substrate 1, a free-side magnetic layer 
3 formed on the lower electrode, a first magnetical metal 
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layer 4 formed on the free-side magnetic layer, an 
insulation layer 5 formed on the first magnetic metal 
layer, a second magnetic metal layer 6 formed on the 
insulation layer, a fixed-side magnetic layer 7 formed on 
the second magnetic metal layer, an anti ferromagnetic layer 
8 formed on the fixed-side magnetic layer, and an upper 
electrode 9 formed on the antif erromagnetic layer 8. 

The lower electrode 2, the free-side magnetic layer 3 
and the first magnetic metal layer 4 form a lower layer 10, 
and the second magnetic metal layer 6, the fixed-side 
magnetic layer 7, the antif erromagnetic layer 8 and the 
upper electrode 9 form an upper layer 12. A barrier layer 
11 of an insulation layer 5 is formed between the lower 
layer 10 and the upper layer 12, isolating both from each 
other. 

Respective members of the spin valve structure are as 
exemplified below. The substrate 1 is formed of silicon. 
The lower electrode 2 and the upper electrode 9 are 
respectively formed of a Ta (tantalum) film and has an 
about 50 nm-thickness . The free-side magnetic layer 3 and 
the fixed-side magnetic layer 7 are respectively formed of 
an NiFe film and has an about 17 nm-thickness. The first 
and the second magnetic metal layers 4, 6 are formed 
respectively of a Co (cobalt) film and has an about 3.3 
nm-thickness. The insulation layer 5 is formed of an Al- 
AI2O3 film and has an about 1.3 nm-thickness. The 

- 8 - 



antif erromagnetic layer 8 is formed of an FeMn film and has 
an about 45 nm-thickness . 

The former NiFe film is one of two ferromagnetic 
layers and is called the free- side magnetic layer ( free 
layer) 3 because its magnetic direction is not fixed. An 
Al-AlO film sandwiched between both Co films 4, 6 provides 
the barrier layer 11 formed of a thin aluminum oxide film, 
which forms the ferromagnetic tunnel junction. The second 
NiFe film is the other ferromagnetic layer and is called 
the fixed-side magnetic layer (pinned layer) 7 because a 
magnetic direction is fixed. The first magnetic metal 
layer 4 makes the same function as the free-side magnetic 
layer 3^ and the second magnetic metal layer 6 makes the 
same function as the fixed-side magnetic layer 7, The FeMn 
film exchange-couples with the fixed-side magnetic layer 7 
to fix a magnetic direction of the fixed-side magnetic 
layer and is called an anti ferromagnetic layer (pinning 
layer) 8. 

In the structure of such "free-side magnetic layer / 
insulation layer / fixed-side magnetic layer / 
antif erromagnetic layer" ^ when an external magnetic field 
(e.g., a signal magnetic field from a recording medium) is 
applied, magnetic directions of the free-side magnetic 
layer 3 and the first magnetic metal layer 4 alone are 
rotated. As a result, mainly a relative angle 6 between a 
magnetic direction of the first magnetic metal layer 4 and 
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■that of the second magnetic metal layer 6 is changed, and 
a resistance change of the ferromagnetic tunnel junction is 
exhibited. That is, as shown by Formula (1), the tunnel 
resistance of the TMR (tunnel MR) changes depending on a 
magnetic field. 

FIG. IB is a schematic diagram explaining the 
measurement of resistance changes of a magnetic sensor 
using the ferromagnetic tunnel structure shown in FIG. lA. 
A current source 39 is connected between the upper layer 12 
and the lower layer 10, and certain current is charged. A 
voltage detector 40 is also connected between the upper 
layer 12 and the lower layer 10, and voltage changes 
between both layers are detected. When an external 
magnetic field (e.g., a signal magnetic field) is applied, 
a tunnel resistance of the ferromagnetic tunnel structure 
shown in FIG. lA changes, and the tunnel resistance change 
is detected by the voltage detector 40 as a voltage change. 

FIG. 2 shows a magnetoresistance effect curve of the 
tunnel structure using such spin valve structure. Based on 
FIG. 2, as an external magnetic field sequentially changes 
from -50 oersted ( Oe ) to -10 ( Oe ) , to 0 ( Oe ) , to +10 ( Oe ) 
and to +50 ( Oe ) , reversible resistance change ratios of 
about 0.0% to about 0.0%, to about 10.0%, to about 20.0% 
and about 20.0% are exhibited. It has been found that the 
tunnel structure having the spin valve structure as shown 
in FIG. 2 exhibits substantially linear resistance change 
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ratios of about 0% to 20% in an external magnetic field 
range of -10 ( Oe ) to +10 ( Oe ) * Resistance change ratios of 
about 0% to 20% are exhibited in an external magnetic field 
range of -30 (Oe) to +30 ( Oe ) . The resistance change 
ratios are converted to data of the logic [0], [1], whereby 
the resistance change ratios can be used in digital logic 
circuits ♦ 

However, in applying the tunnel structure having the 
spin valve structure to the magnetic sensor of a magnetic 
head, magnetic encoder or others, in a case that a device 
height h is too small, rotation of magnetic directions is 
often difficult near the edge of the device, which leads to 
a disadvantage that a sensitivity of the magnetic sensor is 
lowered . 

In a case that practical device dimensions are in the 
order of some microns x some microns, when a device height 
h is decreased, static magnetic coupling of the fixed-side 
magnetic layer to the free- side magnetic layer becomes 
relatively stronger, and a magnetic direction of the 
free-side magnetic layer tends to be anti-parallel with a 
magnetic direction of the fixed-side magnetic layer, which 
makes it difficult for the magnetic direction to rotate in 
a direction of easy rotation. As a result, a sensitivity 
of the magnetoresistance effect device is lowered* 

On the other hand, hard disk devices are prevalently 
used in electronic apparatuses because of their high speed 
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of reading and writing data and large storage capacities. 

The recent increase of storage capacities of the hard 
disk devices is remarkable^ but further storage capacity 
increase is required. 

To realize larger storage capacities of the hard disk 
devices it is an essential requirement that magnetic 
storage medium, i.e., magnetic disk mediums have higher 
recording densities. Recording density increase makes a 
recording bit of the magnetic recording medium smaller. It 
is necessary that the magnetic head is accordingly 
micronized, and the detection sensitivity is higher. 

Recently, as a magnetic head of high detection 
sensitivity GMR (Giant Magneto-Resistance effect) head is 
proposed . 

The GMR head is a magnetic head using the phenomenon 
that when an external magnetic field is applied to a layer 
film having a magnetic layer / a non-magnetic layer / a 
magnetic layer structure, an electric resistance of the 
layer film changes due to a difference between magnetized 
angles of the two magnetic layers, i.e., the GMR effect. 

The GMR effect will be explained with reference to 
FIG. 3. FIG. 3 is a conceptual view of the GMR effect. 

As shown in FIG. 3, the layer film 310 producing the 
GMR effect has the non-magnetic layer 316 sandwiched 
between the magnetic layer 314 and the magnetic layer 318. 
6^ indicates a magnetized angle of the magnetic layer 314. 
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02 indicates a magnetized angle of the magnetic layer 318. 
The magnetic layer 314 is magnetized at a magnetization 
vector Ml, and the magnetic layer 318 is magnetized at a 
magnetization vector Mi. 

As shown in FIG. 3, a magnetic field is applied to the 
layer film 310 from the outside, a magnetized angle of the 
magnetic layer 314 becomes, e.g., 9^ and a magnetized angle 
of the magnetic layer 318 becomes, e.g., B^* 

When a difference between a magnetized angle 9^ and a 
magnetized angle 9^ is 9, 

e = ©2 - 01 

When an electric resistance at the time that no 
magnetic field is applied from the outside is Rs, an 
electric resistance R at the time that a magnetic field is 
applied from the outside is expressed by 

R=Rs+0-5xAR( 1- cosA9 ) 
where AR is a constant which is different for materials of 
the layer film 310. 

A value represented by 

AR / Rs X 100 (%) 
is called an MR ratio. When the magnetic layer 314 is 
formed of, e.g., Co layer, the non-magnetic layer 316 is 
formed of, e.g., Cu layer, and the magnetic layer 318 is 
formed of, e.g., Co layer, the MR ratio is about 5 - 10%. 

In using the layer film producing such GMR effect to 
a magnetic head, generally a structure called a spin valve 
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is used* The spin valve structure is published in the 
specification of Japanese Patent Laid-Open Publication No* 
358310/1992. 

The spin valve structure will be explained with 
reference to FIG. 4. FIG. 4 is a sectional view showing a 
layer film of the spin valve structure* 

As shown in FIG. 4, the layer film 410 of the spin 
valve structure is formed of a magnetic layer 414^ a 
non-magnetic layer 416 and a magnetic layer 418, and an 
anti ferromagnetic layer 420. 

In the layer film of the three-layer structure simply 
formed of the magnetic layer 414, the non-magnetic layer 
416 and the magnetic layer 418, a magnetic direction of the 
magnetic layer 414 and that of the magnetic layer 418 
substantially agree with each other due to an external 
magnetic field, and a magnetized angle difference between 
a magnetized angle of the magnetic layer 414 and that of 
the magnetic layer 418 is very small. 

Then, the layer film 410 of the spin valve structure 
has the antif erromagnetic layer 420 formed on the magnetic 
layer 418* The antif erromagnetic layer 420 fixes only a 
magnetic direction of a magnetic direction of the magnetic 
layer 418 contacting the antif erromagnetic layer 420. A 
magnetic direction of the magnetic layer 414 alone freely 
rotate corresponding to an external magnetic field. The 
magnetic layer 418, whose magnetic direction is fixed, is 
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called a fixed layer ^ and t;he magnetic layer 414, whose 
magnetic direction freely rotates, is called a free layer. 

A magnetic direction of the magnetic layer 418 is 
fixed constant, and a magnetic direction of the magnetic 
layer 414 is freely rotated by an external magnetic field, 
whereby an electric resistance R of the layer film 410 is 
changed corresponding to an external magnetic field. 

Next, an operational principle of the magnetic head 
using the spin valve structure will be explained with 
reference to FIG. 5. FIG. 5 is a perspective view of the 
magnetic head using the spin valve structure, which shows 
the operational principle thereof. 

As shown in FIG. 5, the layer film 410 of the spin 
valve structure formed of the free layer 414, the 
non-magnetic layer 416, the field layer 418 and the 
antif erromagnetic layer 420 is used as a core 400, and 
terminals 402 are formed on both ends of the core 400. 

A magnetized angle of the free layer 414 is freely 
changed corresponding to a magnetic field 404 from a 
recording bit 332 of a magnetic storage medium, but an 
magnetized angle 6^ of the fixed layer 418 remains fixed. 
Thus, a difference between a magnetized angle 0^ of the free 
layer 414 and the magnetized angle 9^ of the fixed layer 48 
can be made large, and electric resistance changes of the 
core 400 at the time that the recording bit 332 comes 
nearer can be larger. 
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However, as a magnetic record medium has higher 
recording density, a track width d^ is accordingly 
decreased. A core width d^ of the magnetic head must be 
decreased to correspond to a decreased track width d^. To 
this end, simply decreasing a core width d^ makes electric 
resistance changes of the core 400 smaller, which leads to 
lower detection sensitivity. Accordingly, when a core 
width d^ is decreased, a height h of the core 400 as well 
must be decreased. 

However, when a height h of the core 400 is decreased, 
as shown in FIG. 6 a magnetic direction on the side of a 
signal detection plane 430 of the core 400 is not easily 
changed near the upper part of the core 400 under the 
influence of the demagnetizing field, and electric 
resistance changes of the core 400 are small. FIG. 6 
indicates magnetic directions of the free layer 414 by the 
arrows when a height of the core 400 is, e.g., 5 pm. The 
region enclosed by the ellipse is a region where a 
magnetized angle 6^ becomes above a certain angle. As shown 
in FIG. 6, the region where a magnetized angle 6^ becomes 
above a certain angle, and additionally the magnetized 
angle 6^ is small. 

Thus, the proposed magnetic head of the spin valve 
structure has the detection sensitivity much lowered when 
smaller-sized, and has found it difficult to adapt itself 
to higher density of the magnetic storage mediums. 
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In considera-tion of the above-described problems, a 
first: object of the present invention is to provide a novel 
magnetic sensor, a magnetic head, and an encoder. 

A second object of the present invention is to provide 
a magnetic sensor, a magnetic head and an encoder which 
have the tunnel junction, ensure rotation of magnetic 
directions of the free-side magnetic layer, and have good 
sensitivity, 

A third object of the present invention is to provide 
a magnetic head which is adaptable to higher density of 
magnetic record mediums, and a hard disk device of a large 
storage capacity using the magnetic head, 

[DISCLOSURE OF THE INVENTION] 

The above-described objects are achieved by a magnetic 
sensor including a ferromagnetic tunnel junction, 
comprising: a free layer a magnetic direction of which 
freely rotates; and a barrier layer formed on the free 
layer and having a smaller thickness in a first region, a 
region of the free layer corresponding to the first region 
functioning as a sensor portion for sensing an external 
magnetic field. Rotation of magnetic directions in the 
free layer in a region corresponding to the first region 
can be secured enough. The magnetic sensor can have good 
sensitivity , 

In the above-described magnetic sensor it is possible 
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■that the barrier layer is formed by oxidizing the surface 
of a metal. 

In the above-described magnetic sensor it is possible 
that further comprising: a fixed layer formed on the 
barrier layer; and a anti ferromagnetic layer formed on the 
fixed layer and fixing a magnetic direction of the fixed 
layer . 

In the above-described magnetic sensor it is possible 
that the free layer in a region where the fixed layer is 
not formed is bent away from the fixed layer. 

The above-described objects are achieved by a magnetic 
head comprising the magnetic sensor. Magnetic heads of 
high sensitivity can be provided. 

The above-described objects are achieved by a magnetic 
encoder comprising the magnetic sensor. Magnetic encoders 
of high sensitivity can be provided . 

The above-described objects are achieved by a magnetic 
head comprising a ferromagnetic tunnel junction element 
including a free layer a magnetic direction of which freely 
rotates, and a fixed layer which is opposed to one surface 
of the free layer through a barrier layer and a magnetic 
direction of which is fixed by a antif erromagnetic layer 
which is adjacent thereto, the free layer being connected 
to a member of high permeability. Magnetic heads which are 
adaptable to high recording density of magnetic storage 
mediums can be provided. 
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In the above-described magnetic head it is possible 
that the free layer is connected to the member of high 
permeability in a region spaced from a signal detection 
surface . 

In the above-described magnetic head it is possible 
that the free layer is connected smoothly to the member of 
high permeability, neighboring the same* 

In the above-described magnetic head it is possible 
that the member of high permeability is a shield layer 
formed, spaced from the ferromagnetic tunnel junction 
element . 

In the above-described magnetic head it is possible 
that a thickness of the barrier layer near the edge of the 
fixed layer is larger than a thickness of the barrier layer 
near a central part of the fixed layer. 

In the above-described magnetic head it is possible 
that the free layer is formed wider in a region spaced from 
the signal detection surface. 

In the above-described magnetic head it is possible 
that the fixed layer is not exposed to the signal detection 
surface . 

In the above-described magnetic head it is possible 
that the member of high permeability is grounded. 

In the above-described magnetic head it is possible 
that the free layer in a region which is not opposed to the 
fixed layer is bent away from the fixed layer. 
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In the above-described magnetic head it is possible 
that the ferromagnetic tunnel junction element further 
includes another fixed layer which is opposed to the free 
layer through another barrier layer formed on the other 
surface of the free layer, a magnetic direction of said 
another fixed layer being fixed by another 
antif erromagnetic layer which is adjacent thereto. 

The above-described objects are achieved by a hard 
disk device comprising the magnetic head. Hard disk 
devices of large storage capacities can be provided. 

The above-described objects are achieved by a disk 
array device comprising a plurality of the hard disk 
devices. Disk array devices of large storage capacities 
can be provided. 

[BRIEF DESCRIPTION OF THE DRAWINGS] 

FIGs. lA and IB are views explaining the ferromagnetic 
tunnel structure. FIG. lA shows a layer structure having 
the ferromagnetic tunnel structure, and FIG. IB is a 
schematic view explaining measurement of resistance changes 
of the ferromagnetic tunnel structure shown in FIG. lA. 

FIG. 2 is a graph of magnetic field - resistance 
characteristics of the tunnel junction shown in FIG. 1. 

FIG. 3 is a conceptual view of the GMR effect. 

FIG. 4 is a sectional view of a layer film of a spin 
valve structure. 
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FIG, 5 is a perspective view explaining an operational 
principle of a magnetic head using the spin valve 
structure . 

FIG* 6 is a schematic view of magnetic directions of 
the free layer at the time when a recording bit comes near, 

FIGs. 7 A and 7B are views explaining a constitution of 
a spin valve element including the spin valve structure 
having a tunnel junction. FIG. 7 A shows a spin valve 
element according to a first embodiment of the present 
invention, and FIG. 7B shows the previously proposed spin 
valve element as a control. 

FIG. 8 is a view showing a constitution of the 
magnetic sensor according to the first embodiment of the 
present invention . 

FIG. 9 is views explaining a first method for 
fabricating the magnetic sensor shown in FIG. 8 (Part 1). 

FIG. 10 is views explaining the first method for 
fabricating the magnetic sensor shown in FIG, 8 (Part 2). 

FIG. 11 is views explaining a second method for 
fabricating the magnetic sensor shown in FIG. 8 (Part 1). 

FIG. 12 is views explaining the second method for 
fabricating the magnetic sensor shown in FIG. 8 (Part 2). 

FIG. 13A is a view showing a magnetic sensor, FIG. 13B 
is a view of an equivalent circuit of the magnetic sensor, 
and FIG. 13C is a view explaining a mask used in the 
magnetic sensor fabrication. 
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FIG. 14A is a view showing output characteristics of 
the magnetic sensor, and FIG, 14B is a view explaining an 
operational principle of the magnetic sensor. 

FIG. 15A is an equivalent circuit used in explaining 
an operational principle of the magnetic sensor, and FIG. 
15B is a view showing output characteristics of the 
magnetic sensor. 

FIG. 16A is a view of an actual magnetic encoder, and 
FIG. 16B is an enlarged view of a magnetic sensor of the 
magnetic encoder. 

FIG. 17 is sectional views of the magnetic head 
according to a second embodiment of the present invention. 

FIG. 18 is a schematic view of magnetic directions of 
the free layer at the time when a record bit comes near. 

FIG. 19 is a sectional view of an example of the 
magnetic head according to the second embodiment of the 
present invention (Example 1). 

FIG. 20 is a sectional view of another example of the 
magnetic head according to the second embodiment of the 
present invention ( Example 2 ) . 

FIG. 21 is sectional views of further another example 
of the magnetic head according to the second embodiment of 
the present invention ( Example 3 ) . 

FIG. 22 is a sectional view of the magnetic head 
according to a third embodiment of the present invention. 

FIG. 23 is a side view of the magnetic head according 
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to a fourth embodiment: of the present invention. 

FIG. 24 is a plan view of the magnetic head according 
to a fifth embodiment of the present invention. 

FIG. 25 is a plan view of an example of the magnetic 
head according to the fifth embodiment of the present 
invention . 

[BEST MODES FOR THE CARRYING OUT THE INVENTION] 
(A First Embodiment) 

The magnetic sensor according to a first embodiment of 
the present invention, and an embodiment of a method for 
fabricating the magnetic sensor will be explained with the 
drawings attached hereto. In the drawings the same members 
are represented by the same reference number not to repeat 
explanation . 

(Magnetic Sensor) 

Here, a typical example of the magnetic sensor will be 
explained by means of the magnetic sensor having the spin 
valve structure. FIG. 7A is a view of a structure of the 
magnetic sensor according to the present embodiment, which 
has the spin valve structure and uses a tunnel junction. 
FIG. 7B shows, as a control, the structure of the magnetic 
sensor having the previously proposed spin valve structure. 

As shown in FIG. 7A, the magnetic sensor according to 
the present embodiment has a tunnel junction of the spin 
valve structure disposed between a lower magnetic electrode 
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2 and an upper magnetic electrode 9 . The spin valve 
structure has a layer structure including a barrier layer 
11 disposed between the lower layer 10 and the upper layer 
12. 

As will be detailed with reference to FIG. 8^ this 
spin valve structure generally includes at least a magnetic 
layer on the free-side as the lower layer 10 and a first 
magnetic metal layer, and, as the upper layer 12, at least 
a second magnetic metal layer, a magnetic layer on the 
fixed-side and an antimagnetic layer. A thin insulation 
layer as the barrier layer 11 is disposed between the two 
magnetic metal layers. As shown in FIG* 8, a sensor 
portion 13 is formed in a region near the central part of 
the spin valve structure. 

As an external magnetic field, a signal magnetic field 
Hsig from a storage medium, such as a magnetic disk, is 
applied from below as viewed in the drawing to rotate 
magnetic directions of the free-side magnetic layer. 

One characteristic of the magnetic sensor according to 
the present embodiment is that, as shown in FIG. 7A, the 
senor portion 13 for a signal magnetic field is limited to 
a part of the substantially central part of the tunnel 
junction having the spin valve structure (a region L x hs of 
a part of the magnetic layers). 

As will be explained later, a size of the region of 
the sensor portion 13 is substantially equal to a size (h 
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X L) of a region of the magne1:ic layers of the magnetic 
sensor which will be explained with reference to FIG. 7B. 
Accordingly, in the magnetic sensor according to the 
present embodiment the magnetic layers contain the sensor 
portion 13 at a part thereof, and a size of the magnetic 
layers is larger relative to that of the magnetic layers of 
the conventional magnetic sensor shown in FIG. 7B. 

In the structure of the magnetic sensor having the 
previously proposed spin valve structure shown in FIG. 7B, 
the spin valve structure is disposed between a lower 
magnetic pole 20 and an upper magnetic pole 90. The layer 
structure of this conventional spin valve structure is the 
same as that of the spin valve structure shown in FIG. 7A, 
and includes a barrier layer 110 disposed between a lower 
layer 100 and an upper layer 120. The lower layer 100 and 
the upper layer 120 have the same layer structures as those 
explained with reference to FIG. 7A. 

Similarly, a signal magnetic field Hsig from a record 
medium, such as a magnetic disk as an external magnetic 
field is applied from below as viewed in the drawing to 
rotate magnetic directions of the free-side magnetic layer. 
In the magnetic sensor having the conventional spin valve 
structure, a sensor portion 130 for a signal magnetic field 
Hsig is a part sandwiched by two insulation layers 150-1, 
150-2 (the entire magnetic layers, i.e., h x L). 

The magnetic sensor according to the present 
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embodiment: shown in FIG* 7A and the previously proposed 
magnetic sensor shown in FIG. 7B will be compared with each 
other. The sizes of both sensor portions 13, 130 are 
substantially equal to each other. However, the sensor 
portion 13 of the former (the present embodiment) is 
limited to a region which is a part of the magnetic layers 
while the sensor portion 130 of the latter (Control) is the 
entire magnetic layers* This is a difference between the 
two magnetic sensors. 

The magnetic sensor 13 according to the present 
embodiment can set the sensor portion 13 at an arbitrary 
part of the magnetic layers by using the structure shown in 
FIG* 7A* Here, it is most preferable to set the sensor 
portion 13 near the substantially central part of the 
magnetic layers where magnetic directions of the free-side 
magnetic layer (one layer of the lower layer 10) can most 
easily rotate. Otherwise, the sensor portion 13 may be 
formed at a part of the magnetic layers which is as near a 
measured signal magnetic field as possible* Otherwise, the 
sensor portion 13 may be formed at a portion where magnetic 
directions of the magnetic layer can easily rotate* 

In the magnetic sensor according to the present 
embodiment, because the sensor portion 13 is a part of the 
substantially central part of the magnetic layers, 
respective magnetic domains of the sensor portion 13 can 
freely rotate free from influence of a dimension of the 

- 26 - 



height of the magnetic layers in the direction of the 
device height h* That is, because a height hs of the sensor 
portion 13 is a part of a height h of the magnetic layers, 
the magnetic domains can freely rotate corresponding to 
external signal magnetic fields Hsig even near the edge of 
the sensor portion 13, Furthermore, because the magnetic 
layers are larger for the size of the sensor portion, 
influences, antimagnetic fields, etc. due to a device 
configuration can be decreased. 

In contrast to this, in the previously proposed 
magnetic sensor (see FIG, 7B ) , the entire region of the 
free-side magnetic layer is the sensor portion 130, whereby 
respective magnetic domains of the sensor portion 130 do 
not easily rotate under influence of a dimension h (=hs) in 
the direction of the height of the magnetic layers. 

FIG. 8 is a detailed sectional view of the magnetic 
sensor according to the present embodiment shown in FIG. 
7A. A layer structure of the magnetic sensor includes a 
substrate 1, a lower layer 10 formed on the substrate, and 
a barrier layer 11 formed on the lower layer, and an upper 
layer 12 formed on the barrier layer. 

The lower layer 10 includes a lower electrode 2, a 
free-side magnetic layer (a lower layer and free layer) 3, 
and a first magnetic metal layer 4 formed on the free-side 
magnetic layer. The barrier layer 11 includes an 

insulation layer 5. The upper layer 12 includes a second 



magnetic met;al layer 6 formed on the insulation layer 5, a 
fixed-side magnetic layer 7 formed on the second magnetic 
metal layer, an antif erromagnetic layer 8 formed on the 
fixed-side magnetic layer, and an upper electrode 9 formed 
on the antif erromagnetic layer. 

The insulation layer 5 has a region at a part of the 
central part thereof, which has a film thickness reduced 
relative to a film thickness of the rest part thereof. 
Accordingly, the second magnetic metal layer 6 formed on 
the insulation film 5 has a flat upper surface but a 
central portion of corresponding to the thickness-reduced 
central part of the insulation film 5, which increases a 
thickness downward in comparison with the rest part 
thereof , forming a downward convexity . The concavity 
formed in the insulation film 5 is some angstroms. A 
region corresponding to the central concavity (concave 
region) 16 forms the sensor portion 13, which has been 
explained with reference to FIG. 7A. 

The respective members of the magnetic sensor will be 
explained . 

The substrate 1 is formed of preferably an Si 
substrate with a natural oxide film formed on. 

The lower electrode 2 is formed of preferably an about 
50 nm-thickness Ta film. 

The free-side magnetic layer 3 is formed of preferably 
an about 17 nm-thickness NiFe film. 
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The first: magnetic metal layer 4 is formed of 
preferably an about 3.3 nm-thickness Co film. 

The insulation film 5 is formed of a some angst:roms 
(A) to tens A thickness aluminum oxide film. In the 
present embodiment, the concave portion 16 is formed of an 
about 1*3 nm-thickness aluminum oxide film and the rest 
part is formed of an about 3,3 nm-thickness aluminum oxide 
film * 

The second magnetic metal layer 6 is formed of 
preferably an about 3.3 nm-thickness Co film as is the 
first magnetic metal layer 4. The first and the second 
magnetic metal layers 4, 6, the Co film of which have 
higher polarizability than that of the NiFe film (of the 
free-side magnetic layer 3 or the fixed-side magnetic layer 
7), are provided to lay the Co film on the free-side 
magnetic layer 3 or the fixed-side magnetic layer 7 to 
thereby attain high MR ratio . 

The fixed-side magnetic layer 7 is formed of 
preferably an about 17 nm-thickness NiFe film, as is the 
free-side magnetic layer 3. 

The anti ferromagnetic layer 8 is formed of preferably 
an about 50 nm-thickness FeMn film. 

The upper electrode 9 is formed of preferably an about 
50 nm-thickness Ta film, as is the lower electrode 2. 

The magnetic sensor according to the present 
embodiment uses TMR (tunnel MR) provided by applying a 
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f erromagne-tic -fcunnel junction to a spin valve structure. 
The spin valve structure has the Co layers 4, 6 disposed 
between two magnetic layers (i.e*, the free-side magnetic 
layer 3 and the fixed-side magnetic layer 7), and the 
antif erromagnetic layer 8 provided on the upper surface of 
the fixed-side magnetic layer 7 so as to fix a magnetic 
direction of the fixed-side magnetic layer 7 and the second 
magnetic metal layer 6 alone. The ferromagnetic tunnel 
junction has the thin oxide film 5 as the barrier layer 11 
disposed between the two ferromagnetic layers 3, 7 (more 
specifically the first and the second magnetic metal layers 
4, 6). 

The function of the magnetic sensor according to the 
present embodiment will be explained. The insulation layer 
5 has a reduced thickness at the sensor portion 13, which 
is smaller relative to that of the rest part thereof. 
Tunnel resistance R in the direction of thickness of the 
insulation layer 5 much depends on a thickness of the 
insulation layer 5 as expressed below. 

R oc -t X exp[t] (4) 

where t represents a thickness of the insulation layer. 

Accordingly, when direct current is applied between 
the lower electrode 2 and the upper electrode 9 , tunnel 
current 18 flows concent rat edly through the region where 
the insulation layer 5 is thin. That is, the direct 
current flows from the upper electrode 9 to the lower 
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electrode 2 through regions of the respective layers from 
the antif erromagnetic layer 8 to the free-side magnetic 
layer 3^ which (regions) correspond to the 
thickness-reduced region 16 of the insulation layer 5. 
Consequently^ the regions corresponding to the concavity 16 
having the reduced thickness substantially functions as the 
sensor portion 13. 

As described above, in the ferromagnetic tunnel 
Junction, a tunnel resistance R can be expressed by the 
formula ( 1 ) when a relative angle between magnetic 
directions of the magnetic layers on both sides is 
represented by e. That is, magnetic directions of the 
free-side magnetic layer 3 and the magnetic metal layer 4 
rotate corresponding to an external signal magnetic field 
Hsig, and a tunnel resistance R, which is determined by a 
relative angle 9 between magnetic directions of the 
magnetic metal layers 4, 6 on both sides, changes. As 
explained with reference to FIG. IB, when a certain direct 
current is applied between the lower electrode 2 and the 
upper electrode 9, a corresponding tunnel resistance R can 
be detected as a voltage value. Thus, the magnetic sensor 
can detect the external signal magnetic field Hsig. 

As shown in FIGs. 8 and 7A, the sensor portion 13 is 
formed in a partial region of the magnetic layers. 
Preferably, the sensor portion 13 is formed substantially 
at the central part of the magnetic layers. A size of the 



sensor portion 13 is "the same as that; of the magnetic layer 
region (i.e., the sensor portion 130 in FIG* 7B ) of the 
above-proposed magnetic sensor. Accordingly, the sensor 
portion 13 can be formed at a proximal location in the 
magnetic layer region. Otherwise, the sensor portion 13 
can be formed substantially at the central part of the 
magnetic layers. Otherwise, the sensor portion 13 can be 
formed at a location which is near a measured signal 
magnetic field as much as possible. Consequently, in the 
free-side magnetic layer 3, magnetic directions can rotate 
in respective magnetic domains without influence of the 
edges of the magnetic layers. 

(Method for Fabricating the Magnetic Sensor) 
The method for fabricating the magnetic sensor 
explained with reference to FIGs. 7A and 8 will be 
explained with reference to FIG. 9A to FIG. 12C. The 
method for fabricating the magnetic sensor is varied by 
different methods for forming the thin insulation layer 
region. A first fabrication method will be explained with 
reference to FIG. 9A to FIG. IOC, and a second fabrication 
method will be explained with reference to FIG. IIA to FIG. 
12C. 

(A First Fabrication Method) 

FIG. 9A to FIG. IOC are views continuously explaining 
the first fabrication method. 

As shown in FIG. 9A, an Si substrate 1 with a natural 
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oxide film formed on is prepared. An about 50 nm- thickness 
Ta film is formed on the substrate 1 by sputtering. The Ta 
film functions as the lower electrode 2 when the device is 
completed. An about 17 nm-thickness NiFe film is formed on 
the lower electrode 2 with an about 300 (Oe) magnetic field 
being applied, and furthermore, an about 3.3 nm-thickness 
Co film is formed. When the device is completed, the 
free-side magnetic layer (the lower layer, the free layer) 
3 of the NiFe film, and the first magnetic metal layer 4 of 
the Co film function as the free layer. 

As shown in FIG. 9B, a resist 19 is applied to the 
sensor portion 13, and then, an about 2.0 nm-thickness Al 
film 5-0 which is to function as the insulation layer 5 is 
formed on the resist 19 and the first magnetic metal layer 
4. 

As shown in FIG. 9C, the surface of the Al film is 
oxidized by plasma oxidation to form a first aluminum oxide 
film 5-1 (i.e., AI-AI2O3 film). Then, the resist 19 is 
removed. The aluminum oxide film is to be the thin 
insulation film 5, which will function as the tunnel 
barrier after the device is completed. 

As shown in FIG. 9D, again an about 1.3 nm-thickness 
Al film is formed. Similarly, the surface of the Al film 
is oxidized by plasma oxidation to form the second aluminum 
oxide film 5-2. Thus, the insulation film 5 of the first 
aluminum oxide film 5-1 and the second aluminum oxide film 
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5-2 has an about 1.3 nm-t:hickness at the sensor portion 13 
and an about 3.3 nm-thickness at the rest part. The region 
of the insulation film 5 which has the reduced thickness 
functions as the tunnel barrier after the device is 
completed . 

As shown in FIG. lOA, a 3.3 nm-thickness Co film is 
formed on the thin insulation film 5. 

Then, an about 17 nm-thickness NiFe film is formed on 
the Co film. Furthermore, an about 50 nm-thickness FeMn 
film is formed. When the device is completed, the second 
magnetic metal layer 6 of the Co film and the fixed-side 
magnetic layer 7 of the NiFe film are the pin layer (fixed 
layer), and the FeMn film functions as the 
antif erromagnetic layer 8. 

As shown in FIG. lOB, part except the device portion 
is removed by ion milling, RIE (reactive ion etching) or 
others, and the insulation layers 15-1, 15-2 are formed a 
the removed part. Then, an about 50 nm-thickness Ta film 
is formed on the insulation layers 15-1, 15-2 and the 
antif erromagnetic layer 8. The Ta film functions as the 
upper electrode 9 when the device is completed. The 
insulation layers 15-1, 15-2 are provided for prohibiting 
the upper electrode 9 and the lower electrode 2 from 
contacting each other directly or via the edge surfaces. 

As shown in FIG. IOC, in the thus- fabricated magnetic 
sensor, when sense current (a certain direct current) 17 is 
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applied from the upper electrode 9 to te lower electrode 2, 
tunnel current passing through the insulation film 5 of 
aluminum oxide flows concentratedly on the relatively thin 
portion. This portion functions as the sensor portion 13. 
The thickness reduced portion can be formed at an arbitrary 
part within the magnetic layers, preferably at 
substantially central part of the free-side magnetic layer 
3 where magnetic domains of the free-side magnetic layer 3 
can most easily rotate, whereby smooth rotation of the 
magnetic domains can be ensured. 

(A Second Fabrication Method) 

FIGs . IIA to 12C are view continuously explaining a 
second fabrication method of the magnetic sensor. The 
second fabrication method is different from the first 
fabrication method in the steps of forming the thin 
insulation film. 

As shown in FIG. IIA, an Si substrate 1 with a natural 
oxide film formed on is prepared. An about 50 nm-thickness 
Ta film is formed on the substrate 1 by sputtering. The Ta 
film functions as the lower electrode 2 when the device is 
completed. An about 17 nm-thickness NiFe film is formed on 
the lower electrode 2 with an about 300 ( Oe ) magnetic field 
being applied, and furthermore, an about 3.3 nm-thickness 
Co film is formed. When the device is completed, the 
free-side magnetic layer 3 of the NiFe film, and the first 
magnetic metal layer 4 of the Co film function as the free 
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layer. The steps up to here are the same as those of the 
first fabrication method. 

As shown in FIG. IIB, a resist 21 is applied to the 
sensor portion 13. Then, an about 2.0 nm-thickness first 
AI2O3 film 5-1 is formed on the resist and the first 
magnetic metal layer 4. 

As shown in FIG. IIC, the resist 21 is removed, and 
then an about 1.3 nm-thickness Al film is formed, and the 
surface of the Al film is oxidized by plasma oxidation to 
form an aluminum oxide film (a second AI2O3 film) 5-2. 
Thus, the insulation layer 5 formed of the first aluminum 
oxide film 5-1 and the second aluminum oxide film 5-2 has 
an about 1.3 nm-thickness at the sensor portion 13 and an 
about 3-3 nm-thickness at the rest part. The partially 
thickness reduced part of the insulation film 5 functions 
as the tunnel barrier when the device is completed . 

Then, the same fabrication steps as those of the first 
fabrication method follow. That is, as shown in FIG. 12A, 
an about 3.3 nm-thickness Co film as the second magnetic 
metal layer 6 is formed on the thin insulation film 5. 
Then, an about 17 nm-thickness NiFe film 7 as the 
fixed-side magnetic layer 7 is formed on the second 
magnetic metal layer 6. Furthermore, an about 50 

nm-thickness FeMn film as the antif erromagnetic layer 8 is 
formed on the fixed-side magnetic layer 7 . 

As shown in FIG. 12B, the part except the device part 
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is removed by ion milling, RIE or other -technique, and an 
insulation layers 15-1, 15-2 are formed at the removed 
part* Then, an about 50 nm-thickness Ta film as the upper 
electrode 9 is formed on the insulation layers 15-1, 15-2 
and the antif erromagnetic layer 8. 

In the thus-fabricated magnetic sensor, when sense 
current (a certain direct current) 17 is applied from the 
upper electrode 9 to te lower electrode 2, tunnel current 
passing through the insulation film 5 of aluminum oxide 
flows concentratedly on the relatively thin sensor portion 
13, This portion functions as the sensor portion 13. The 
thickness reduced portion can be formed at an arbitrary 
part within the magnetic layers, preferably at 
substantially central part where magnetic domains of the 
free-side magnetic layer 3 can most easily rotate, whereby 
smooth rotation can be ensured in these magnetic domains. 

(Application Example to Magnetic Head) 

The above-described magnetic sensor is typically 
applicable to magnetic heads. Recently as a magnetic head, 
a composite-type magnetic head using as the magnetic head 
an inductive head for recording, and a GMR head for 
reproduction which are integrated with each other has been 
developed and is practically used. 

The GMR head typically has the spin valve structure 
(but has no tunnel junction). In place of the GMR head of 
the composite- type magnetic head, the magnetic sensor of 
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the spin valve st;ruct:ure having the above-described tunnel 
junction is applicable as it is, 
(Other Application Examples) 

An example of the application of the magnetic sensor 
according to the present invention to a magnetic encoder 
will be explained, 

FIG* 13A is a view showing the magnetic sensor 50 
according to the present invention, which is applied to a 
magnetic encoder. The magnetic sensor 50 includes an 
electric source terminal V, a ground terminal GND, an 
output A- terminal A-OUT and an output B- terminal B-OUT, As 
the magnetic sensor 50, a first ferromagnetic tunnel 
junction element TMRi is jointed inserted between the 
electric source terminal V and the output A- terminal A-OUT, 
a second ferromagnetic tunnel junction element TMR2 is 
inserted between the electric source terminal V and the 
output B-terminal B-OUT, a third ferromagnetic tunnel 
junction element TMR3 is inserted between the ground 
terminal GND and the output A- terminal A-OUT, and a fourth 
ferromagnetic tunnel junction element TMR4 is inserted 
between the ground terminal GND and the output B-terminal 
B-OUT, 

Each of the ferromagnetic tunnel junction elements 
(i.e., TMRi to TMR4 ) has 6 tunnel junctions (51-1 to 51-6, 
52-1 to 52-6, 53-1 to 53-6, 54-1 to 54-6) which are 
serially connected. Each of the tunnel junctions 51-1 to 
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54-6 has an about 50 \im x 50 \im junction area. 

FIG. 13B is a circuit diagram equivalent to the 
magnetic sensor 50 shown in FIG. 13A. 

A method for fabricating the magnetic sensor shown in 
FIG. 13A will be briefly explained. First, using the mask 
shown in FIG. 13C an about 17 nm- thickness NiFe film as the 
free-side magnetic layer is formed, and continuously, an 
about 3.3 nm-thickness Co film is formed as a first 
magnetic metal layer. 

The mask is replaced, and then an about 1.3 
nm-thickness Al film is formed as an insulation layer, and 
the surface of the Al film is oxidized. The oxidation is 
performed by the plasma oxidation explained in the first 
and the second fabrication methods to form a thinner oxide 
film at the sensor portion and a relatively thick oxide 
film in the rest region. The oxidation may be performed 
by, e.g., natural oxidation. 

After the formation of the oxide film, the mask is 
replaced, and an about 3.3 nm-thickness Co film as a second 
magnetic metal film is formed, an about 17 nm-thickness 
NiFe film as a fixed-side magnetic layer is formed, and an 
about 45 nm-thickness FeMn film as an antif erromagnetic 
layer is formed. Furthermore, an about 8 nm-thickness Ta 
film as an upper electrode is formed. Thus, the magnetic 
encoder can be formed of the same layer structure as the 
spin valve-type magnetic sensor and can be fabricated by 
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■the same fabricatiion steps as t:he spin valve-type magnetzic 
sensor . 

Next, the operation of the magnetic encoder will be 
explained. 

FIG. 14A is a view schematically showing a 
magnetoresistance curve of the magnetic encoder shown in 
FIG. 13A. As explained with reference to Formula (1), a 
magnetic direction Mupper of the upper layer 12 of the 
ferromagnetic tunnel junction element TMR is fixed by the 
antif erromagnetic layer ( FeMn film) 8 so that a magnetic 
direction Miower of the lower layer 10 is orthogonal to a 
magnetic direction Miower of the lower layer 10. As shown in 
FIG. 14A, when an external magnetic field is applied to the 
ferromagnetic tunnel Junction element TMR in the same 
direction as a magnetic direction Mupper of the upper layer 
12 (i.e., an external magnetic field -H), a magnetic 
direction Mupper of the upper layer 12 and that Miower of the 
lower layer 10 are parallel with each other in the same 
direction. That is, a relative angle 6 between the two 
magnetic directions is 0° , and, based on Formula (1), a 
resistance value of the ferromagnetic tunnel junction 
element TMR is minimum, and R=Rs. A minimum resistance 
value at this time is represented by Rl. 

When an external magnetic field is zero for the 
ferromagnetic tunnel junction element TMR, a magnetic 
direction Miower of the lower layer 10 rotates, and a 
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relative angle 9 between magnetic directions of the upper 
layer 12 and the lower layer 10 is 90°, Based on Formula 
( 1 ) , a resistance value of the ferromagnetic tunnel 
junction element TMR is R=Rs+0.5xAR. A resistance value 
given when an external magnetic field is zero is 
represented by Ro * 

When an external magnetic field is applied to the 
ferromagnetic tunnel junction element TMR in a direction 
opposite to a magnetic direction Mupper of the upper layer 12 
(i*e., an external magnetic field H), a magnetic direction 
Miower of the lower layer 10 rotates, and a magnetic 
direction of Mupper of the upper layer 12 and a magnetic 
direction Miower of the lower layer 10 are parallel with each 
other in opposite directions. That is, relative angle 9 is 
180°, based on Formula (1), a resistance value of the 
ferromagnetic tunnel junction element TMR is maximum, and 
R=Rs+AR. a maximum resistance value at this time is 
represented by Rh. 

Thus, when an external magnetic field is -H, O, +H, a 
resistance value of the ferromagnetic tunnel junction 
element TMR is Rl, Ro and Rh, and Rl<Ro<Rh. FIG. 14A graphs 
this relationship . 

FIG. 14B is a view explaining an operational principle 
of the encoder. A magnetic field generating magnet to be 
measured 55 and a magnetic sensor 50 formed of tunnel 
junction elements TMR have the positional relationship with 
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each other as shown. The magnetic field generating magnet 
55 is an elongate magnetic body magnetized alternately with 
N pole and S pole, and a gap between the S and N poles of 
one pair is X. The TMRi to the TiyiR4 of the magnetic sensor 
50 are arranged near the magnetic field generating magnet 
55 relatively displaceably in the longitudinal direction of 
the magnetic field generating magnet 55 and in parallelism 
therewith. 

That is, initially, the magnetic sensor 50 including 
the tunnel junction elements TMRi to TMR4 is located at a 
sensor position [1]. The respective ferromagnetic tunnel 
Junction elements TMRs are arranged at a X-/4 gap. After a 
ceratin time t determined by a displacement speed, the 
magnetic sensor 50 is displaced right by X/4 parallelly 
with the magnet 55 to located at the sensor position [2] . 
In the drawing, however, the sensor position [2] is shown 
away from the magnetic field generating magnet 55 because 
if the sensor position [2] is shown, overlapping the sensor 
position [1], the drawing will make the understanding 
difficult. It should be noted that actually the magnetic 
sensor 55 is relatively displaced in the longitudinal 
direction of the magnetic field generating magnet 55 in 
parallelism therewith over a position near the magnet 55. 
This is true with the sensor positions [3] and [4] . 

Furthermore, after the time t, the magnetic sensor 50 
at the sensor position [2] is located at the sensor 
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position [3], and then after the time t, the magnetic 
sensor 50 is located at the sensor position [4] . Thus the 
magnetic sensor 50 makes the parallel displacement. 

First, at the sensor position [1] in FIG* the 
respective tunnel junction elements have TMRi=Rl, TMR2=Ro, 
TiyiR3 = RH and TMR4 = Ro under the influence of an external 
magnetic field from the magnetic field generating magnet 
55. FIG. 15A corresponds to FIG. 13B. In this equivalent 
circuit, the voltage output Va and the voltage output Vb of 
the output A-terminal and the output B-terminal 
respectively divide a voltage V to the TMRi and the TMRs and 
a voltage V to the TMR2 and the TMR4 . The following formula 
is obtained. 

Va - V X TMR3 / ( TMRi + TMR3 ) 

= V X Rh / ( Rl + Rh ) ( 5 ) 

Vb - V X TiyiR4 / ( TMR2 + TMR4 ) 

= V X Ro / ( Ro + Ro ) ( 6 ) 

Here, the following formulas are derived from the 
results of Formulas ( 5 ) and ( 6 ) . 

Va - V X Rh / ( Rl + Rh ) = Vh ( 7 ) 

Vb = V X Ro / ( Ro + Ro ) = V / 2 = Vo ( 8 ) 

Then, at the sensor position [2] in FIG. 14B, 
TMRi - Ro, TMR2 = Rh, TMR3 = Ro, TMR4 = Rl 

Accordingly, voltage outputs Va, Vb of the output A- 
terminal and the output B-terminal are as follows. 
Va = V X TMRs / ( TMRi + TMRs ) 
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= VxRo/ ( Ro+Ro) = V/ 2 = Vo (9) 

Vb - V X TMR4 / ( TMR2 + TMR4 ) 

= V X Rl / ( Rh + Rl ) (10) 

Here, the following formula can be derived from the 
result of Formula (10), 

Va - V X Rl / ( Rl + Rh ) = Vl ( H ) 

Similarly, at the sensor position [3] in FIG. 14B, 
TMRi = Rh, TMR2 = Ro, TMRa = Rl, TMR4 = Ro 

Accordingly voltage outputs Va, Vb of the output A- 
terminal and the output B-terminal are as follows. 



Va = V X TMRa / ( TMRi + TMRa ) 

= V X Rl / ( Rh + Rl ) = Vl . ( 12 ) 

Vb = V X TMR4 / ( TMR2 + TMR4 ) 

= V X Ro / ( Ro+Ro ) = V / 2 = Vo ( 13 ) 



Similarly, at the sensor position [4] in FIG. 14B, 
TMRi = Ro, TMR2 = Rl, TMRa = Ro, TMR4 = Rh 

Accordingly, voltage outputs Va, Vb of the output A- 
terminal and the output B-terminal are as follows. 



Va = V X TMR3 / ( TMRi + TMRa ) 

= VxRo/ ( Ro+R ) = V/ 2-Vo (14) 

Vb = V X TMR4 / ( TMR2 + TMR4 ) 

= V X Rh / ( Rl + Rh ) = Vh (15) 



Hereafter the magnetic sensor 50 repeatedly takes the 
sensor positions [1] to [4] with respect to the S and N 
poles of the magnetic field generating magnet 55. FIG. 15B 
shows output waveforms of the magnetic sensor 50. 
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FIG. 16 is views of an actual magne-tic encoder using 
-the operational principle explained with reference to FIG. 
14. This magnetic encoder includes a rotary magnetic body 
56 and a magnetic sensor 50 disposed near the rotary 
magnetic body 56. Actually the rotary magnetic body 56 is 
used in place of making the magnetic field generating 
magnet 55 infinitely elongate. 

The rotary magnetic body 56 has a 10 mm-diameter, and 
the shaft has a 5 mm-diameter. Sixteen pairs of S pole and 
N pole are arranged radially on the circumferential 
surface. A magnetic period X is about 1.5 mm. The 
magnetic sensor 50 is positioned with the center of the 
sensor aligned with the center of the radial magnetic 
portions of the rotary magnetic body 56. 

In the magnetic sensor 50 respective ferromagnetic 
tunnel junction elements TMR must be arranged at X/4 gap 
with respect to each other and in parallelism with radially 
extended magnets of the rotary magnetic body. To this end, 
the respective TMR elements form an about 5.6° and spaced 
at the center from each other by a 0.37 mm gap. The 
thus-formed magnetic encoder can provide by the respective 
ferromagnetic tunnel Junction elements TMR of the magnetic 
sensor 50 the output waveforms explained with reference to 
FIG. 15B. That is, when the magnetic sensor 50 is 
displaced by a magnetic period X with respect to the rotary 
magnetic body 56, an output pulse of one period is 
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generated • 

As described in connection with the spin valve 
magnetic sensor, the sensor portion can be formed at a 
proximal location in the magnetic layer regions of the 
tunnel junctions of the respective ferromagnetic tunnel 
junction elements TMR. Consequently, in the free-side 
magnetic layer, magnetic directions can easily rotate in 
respective magnetic domains of the free-side magnetic 
layer, free from the influence of the edges of the magnetic 
layer . 

As described above, according to the present 
embodiment^ innovational magnetic sensors, magnetic heads 
and magnetic encoders can be provided. 

According to the present embodiment, rotation of 
magnetic directions of the free-side magnetic layer can be 
sufficiently ensured. The present invention is applicable 
generally to magnetic sensors, such as magnetic heads, 
magnetic encoders, etc. 

(A Second Embodiment) 

The magnetic head according to a second embodiment of 
the present invention will be explained with reference to 
FIG. 17. FIG. 17 is a sectional view of the magnetic head 
according tot he present embodiment. FIGs . 17B is an 
enlarged sectional view of the ferromagnetic tunnel 
junction element of the magnetic head shown in FIG. 17B. 

As shown in FIG. 17A, the magnetic head according to 



■the present embodiment: includes a ferromagnetic tunnel 
junction element 210 whose electric resistance changes 
corresponding to changes of a magnetic filed from the 
outside. The ferromagnetic tunnel Junction element 210 
includes a free layer 214, a barrier layer 216, a fixed 
layer 218 and an anti ferromagnetic layer 220 . 

As shown in FIG. 17B, the free layer 214 is formed of 
a 3 nm-thickness NiFe layer 221 and a 3 nm-thickness Co 
layer 224. The barrier layer 216 is formed of a 1 
nm-thickness Al^Og layer adjacent to the Co layer 224 of the 
free layer 214 . 

The fixed layer 218 is formed of a 3 nm-thickness Co 
layer 226 and a 3 nm-thickness NiFe layer 228 adjacent to 
the barrier layer 216. The ferromagnetic layer 220 is 
formed of an NiO layer adjacent to the fixed layer 218. 

Shield layers 212a, 212b of an NiFe layer are formed, 
spaced from the ferromagnetic tunnel junction element 210. 
A non-magnetic layer 222 of an AI2O3 layer is formed between 
the ferromagnetic tunnel junction element 210, and the 
shield layers 212a, 212b. The lower side as viewed in the 
drawing is a signal detection surface 230 of the magnetic 
head. 

In the ferromagnetic tunnel junction element 210 
having such structure, when a voltage is applied between 
the fixed layer 218 and the fee layer 214, current flows 
through the barrier layer 216. 
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FIG. 17A shows a state that a record bit 232 of a 
magnetic storage medium is near the ferromagnetic tunnel 
junction element 210. Actually a number of record bits are 
formed in a magnetic storage medium but are omitted in FIG. 
17A. 

When the record bit 232 of a magnetic storage medium 
comes near the ferromagnetic tunnel junction element 210, 
a magnetic direction of the free layer 214 rotates. On the 
other hand, the fixed layer 218, adjacent to which the 
anti ferromagnetic layer 220 is formed, has a magnetic 
direction fixed. 

The magnetic head according to the present embodiment 
is characterized in that, as shown in FIG. 17A, the free 
layer 214 is extended away from the signal detection 
surface 230 and has the end thereof connected to the shield 
layer 212a, which allows a magnetic flux from the record 
bit 232 to easily pass through the free layer 214. 

In the present embodiment, because the free layer 214 
is connected to the shield layer 212a of an NiFe layer, 
whose permeability is high, a magnetic flux from the record 
bit 232 easily pass through the free layer 214. In 
addition, because the free layer 214 is extended away from 
the signal detection surface 230, the influence of a 
demagnetizing field in the free layer 214 can be reduced. 
Thus, a rotation angle of a magnetic direction of the free 
layer 214 can be large. The free layer 214 is connected 
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smoo-thly to the shield layer 212a in a region spaced form 
the signal detection surface 230, which reduces the 
influence of the demagnetizing field in the free layer 214. 

The change of a magnetic direction of the free layer 
214 of the magnetic head according to the present 
embodiment will be explained with reference to FIG. 18. 
FIG. 18 is a schematic view of magnetic directions of the 
free layers at the time when a record bit comes near. The 
arrows indicate magnetic directions. The region surrounded 
by the ellipse is a region where magnetization angles of 
the free layer is above a certain angle. FIG. 18 shows 
magnetic directions of the free layer in a area which is 
about 20 \im away from the signal detection surface. 

In the magnetic head using a spin valve structure, as 
the core is micronized, as shown in FIG. 6 the influence of 
demagnetizing field takes place near the signal detection 
surface 430 and the upper part of the core 400. 
Accordingly, a magnetic angle of the free layer 414 is 
small when the record bit 232 comes near, which makes it 
impossible to obtain high outputs. 

In contrast to this, in the present embodiment, the 
free layer 214 is extended away from the signal detection 
surface 230, whereby the influence of the demagnetizing 
field does not easily take place near the region of the 
junction between the fixed layer 218 and the free layer 
214, Accordingly, as shown in FIG. 18, changes of a 
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magnetic direction of the free layer 214 at: the time when 
the record bit 232 comes near take place even in the region 
away from the signal detection surface 230, and, in 
addition, magnetic angles 9^ can be large. 

Accordingly, in the present embodiment, large electric 
resistance changes, is comparison with those of the 
conventional magnetic head, can be obtained when the record 
bit 232 comes near the ferromagnetic tunnel junction 
element 210, whereby higher detection sensitivity can be 
provided • 

As described above, in the present embodiment, the 
free layer is extended away from the signal detection 
surface, and the end of the extended free layer is 
connected to the shield layer of high permeability, whereby 
the influence of the demagnetizing field in the free layer 
can be reduced. Consequently, the influence of the 
demagnetizing field near the region of Junction between the 
free layer and the fixed layer can be reduced, whereby a 
rotation angle of a magnetic direction in the junction 
region can be large, and an electric resistance change at 
the time when a record bit comes near can be large. 
Consequently, even in a case that the junction region has 
a small width, the magnetic head can have sufficiently high 
detection sensitivity, and is adaptable to higher record 
densities of magnetic storage mediums. 
( Other Examples ( Example 1 ) ) 
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One example (Example 1 ) of the magnetic head according 
to the second embodiment of the present invention will be 
explained with reference to FIG. 19. FIG. 19 is sectional 
views of the magnetic head according to the present 
example. FIG. 19B is an enlarged sectional view of the 
ferromagnetic tunnel junction element shown in FIG. 19A. 

As shown in FIG. 19, in the present example, a region 
where the influence of the demagnetizing field is little is 
the region 234 of Junction between a fixed layer 218 and a 
free layer 214. 

That is, in the edge part of the fixed layer 218 
rotation angles of magnetic directions small due to the 
influence of the demagnetizing field taking place there. 
In the present example, however, the barrier layer 216 is 
thin in a region near the central part of the fixed layer 
218 to an extent that the tunnel junction is possible and 
is thick in a region near the edge part of the fixed layer 
218. Accordingly, the region of the fixed layer 218 except 
the edge part thereof, i.e., a region where the influence 
of the demagnetizing field is little is the junction region 
234, whereby electric resistance changes of a ferromagnetic 
tunnel junction elements 210 due to magnetic fields from 
record bits can be large. 

As described above, according to the present example, 
a region where the influence of demagnetizing fields is 
little is the junction region, whereby magnetic heads 



having high det:ect:ion sensit;ivi1:ies can ben provided, 
( Other Examples ( Example 2 ) ) 

Ano-ther example ( Example 2 ) of the magnetic head 
according to the second embodiment of the present invention 
will be explained with reference to FIG* 20* FIG. 20 is a 
sectional view of the magnetic head according to the 
present example . 

As shown in FIG. 20, the present example is the same 
as the magnetic head according to the second embodiment 
shown in FIG. 17 in that in the former, a fixed layer 218a 
is formed of a 2 nm-thickness NiFe layer 228, a 2 
nm-thickness Co layer 226, a 1 nm-thickness Ru layer 236 
and a 3 nm-thickness Co layer 240. 

In the present example, the fixed layer 218a is formed 
of the layer film of the NiFe layer 228, the Co layer 226, 
the Ru layer 236 and the Co layer 240, and 
antif erromagnetic coupling is formed between the Co layer 
226 and the Co layer 240, whereby extension of a magnetic 
filed from the fixed layer 218a to the free layer 214 can 
be suppressed. Accordingly, shift of a bias point of the 
free layer can be prevented. 

(Other Examples (Example 3)) 

Further another example (Example 3) of the magnetic 
head according to the second embodiment of the present 
invention will be explained with reference to FIG. 21. 
FIG. 21 is sectional views of the magnetic head according 
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to "the present: example. FIG, 21B is an enlarged sectional 
view of the ferromagnetic tunnel Junction element shown in 
FIG. 21A. 

As shown in FIG. 21A, the magnetic head according to 
the present example is characterized in that a fixed layer 
218 is not exposed to a signal detection surface 230, and 
a shield layer 212a connected to the end of a free layer 
214 is grounded. 

In the present example, because the fixed layer 218 is 
not exposed to the signal detection surface 230, even when 
a potential difference takes place between the fixed layer 
218 and the magnetic record medium (not shown), occurrence 
of discharge can be prevented. 

In the present example, the free layer 214 exposed to 
the signal detection surface 230 is grounded via the shield 
layer 212a. Accordingly, a magnetic record medium is 
grounded, whereby no potential difference takes place 
between the free layer 214 and a magnetic record medium. 
Accordingly, occurrence of potential difference between the 
free layer 214 and a magnetic record medium can be 
prevented, whereby occurrence of discharge from the free 
layer 214 to the magnetic medium can be prevented. 
According to the present example, breakage of stored 
information of record bits due to discharge can be 
prevented . 

In the present example, a junction region 234 between 
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the fixed layer 218 and the free layer 214 is spaced from 
-the signal detection surface 230 • Accordingly, even when 
the signal detection surface 230 is abraded, it is rare 
that even the junction region 234 between the fixed layer 
218 and the free layer 214 is abraded. Thus, decrease of 
the junction region 234 between the fixed layer 218 and the 
free layer 214 can be prevented. 

Accordingly, the magnetic head according to the 
present example is applicable as a contact-type magnetic 
head which is used in contact with the signal detection 
surface 230 with a magnetic record medium. 

As described above, according to the present example, 
the fixed layer is not exposed to the signal detection 
surface, whereby even when a potential difference takes 
place between the fixed layer and a magnetic record medium 
takes place, occurrence of discharge can be prevented. The 
free layer exposed to the signal detection surface is 
grounded via the shield layer, whereby a magnetic record 
medium is grounded to thereby make a potential of the free 
layer and that of a magnetic record medium equal to each 
other. Accordingly, occurrence of potential difference 
between the free layer and a magnetic record medium can be 
prevented, and discharge from the free layer to the 
magnetic record medium can be prevented, whereby breakage 
of stored information of record bits of a magnetic record 
mediums can be prevented. 
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In the present example, the junction region between 
the fixed layer and the free layer is spaced from the 
signal detection surface, whereby even when the signal 
detection surface is abraded, it is rare that even the 
junction region between the fixed layer and the free layer 
is abraded. Accordingly, decrease of the junction region 
between the fixed layer and the free layer can be 
prevented. Thus, the present example is applicable to 
contact-type magnetic heads which is used with the signal 
detection surface in contact with a magnetic record medium. 

( A Third Embodiment ) 

The magnetic head according to a third embodiment of 
the present invention will be explained with reference to 
FIG. 22. FIG. 22 is a sectional view of the magnetic head 
according to the present embodiment . The same members of 
the magnetic head according to the present embodiment as 
those of the magnetic head according to the second 
embodiment shown in FIGs. 17A to 21 are represented by the 
same reference numbers not to repeat or to simplify the 
explanation . 

As shown in FIG. 22, the magnetic head according to 
the present embodiment is characterized in that a 
ferromagnetic tunnel junction element 210a includes to 
ferromagnetic tunnel junctions. 

That is, a barrier layer 216a which is substantially 
the same as the barrier layer 216 are formed 
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plane- symmetrical with respect to the free layer 214* A 
fixed layer 218b which is substantially the same as the 
fixed layer 218 are formed plane-symmetrical with respect 
to the free layer 214. A antif erromagnetic layer 220a 
which is substantially the same as the antif erromagnetic 
layer 220 are formed plane-symmetrical with respect to the 
free layer 214. 

When a record bit (not shown) comes near a 
ferromagnetic tunnel Junction element 210a, a magnetic 
direction of the fixed layer 218 becomes the same as that 
of the fixed layer 218b. 

The ferromagnetic tunnel junction 210a has tow 
ferromagnetic tunnel Junctions, outputs of the two 
ferromagnetic tunnel junctions are combined to thereby 
realize high detection sensitivity. 

A difference between outputs of the two ferromagnetic 
tunnel junctions of the ferromagnetic tunnel Junction 
element 210a is detected to thereby cancel noises of the 
same phase. 

As described above, according to the present 
embodiment, two ferromagnetic tunnel junctions are formed 
plane-symmetrical with respect to the free layer, whereby 
outputs of the two ferromagnetic tunnel junctions are 
combined to thereby realize high-output sensitivity. A 
difference between outputs of the two ferromagnetic tunnel 
Junctions is detected to thereby cancel noises of the same 
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phase. 

(A Fourth Embodiment:) 

The magnetic head according to a fourth embodiment of 
the present invention will be explained with reference to 
FIG, 23, FIG. 23 is a side view of the magnetic head 
according to the present embodiment. The same members of 
the magnetic head according to the present embodiment as 
those of the magnetic head according to the second or the 
third embodiment shown in FIGs. 17 to 22 are represented by 
the same reference numbers not to repeat or to simplify the 
explanation . 

As shown in FIG. 23^ the magnetic head according to 
the present embodiment is characterized by the shape of a 
free layer 214a. That is, the free layer 214a has a width 
which is a little larger than a width of a fixed layer 218, 
near a signal detection surface 230 and a junction region 
234 between the fixed layer 218 and the free layer 214a, 
has the width gradually increased away from the signal 
detection surface 230, and has a much increased width at a 
part which is further away from the signal detection 
surface 230. 

In the free layer which is simply formed in a 
rectangular shape, even when no external magnetic field is 
applied, a magnetic direction of the free layer is tilted 
in the longitudinal direction of the free layer. In the 
present embodiment, however, because the free layer is 
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formed in "the shape as shown in FIG. 23, a magnetic 
direction of the free layer 214a near the Junction region 
234 is prevented from tilting when no external magnetic 
field is applied. Accordingly, when an external magnetic 
field is applied, a magnetic direction of the free layer 
214a sufficiently rotate near the junction region 234, 
whereby the magnetic head can have high detection 
sensitivity* 

As described above, according to the present 
embodiment, the free layer is wider away from the signal 
detection surface and is further wider in a region which is 
away from the signal detection surface, whereby when no 
external magnetic field is applied, a magnetic direction of 
the free layer is prevented from tilting near the junction 
region. Accordingly a rotation angle of a magnetic 
direction of the free layer near the junction region can be 
large, and the magnetic head can have high detection 
sensitivity . 

(A Fifth Embodiment) 

A magnetic head according to a fifth embodiment of the 
present invention will be explained with reference to FIG. 
24. FIG. 24 is a plan view of the magnetic head according 
to the present embodiment as viewed at the side of the 
signal detection surface. The same members of the magnetic 
head according to the present embodiment as those of the 
magnetic head according to the second to the fourth 
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embodiment shown in FIGs. 17A to 23 are represented by the 
same reference numbers not to repeat or to simply the 
explanation * 

As shown in FIG. 24, the magnetic head according to 
the present embodiment is characterized in that a free 
layer 214b in the region except a junction region 234 
between a fixed layer 218 and a free layer 214b is bent to 
be away from the fixed layer 218. 

Because the free layer 214b in the region except the 
junction region 234 between the fixed layer 218 and the 
free layer 214b is bent away from the fixed layer 218, even 
a distance of tracks is small due to high recording density 
of a magnetic record medium, a magnetic filed from record 
bits of adjacent tracks is less influential. 

As described above, according to the present 
embodiment, the free layer in the region except the 
junction region between the fixed layer and the free layer 
is bent away from the fixed layer, magnetic fields from 
record bits of adjacent tracks can be made less 
influential. Thus, magnetic fields from record bits of 
adjacent tracks can be made less influential, which makes 
the magnetic head applicable to high recording densities of 
magnetic storage mediums. 

(Other Examples) 

One example of the magnetic head according to the 
fifth embodiment of the present invention will be explained 



with reference to FIG, 25, FIG. 25 is a plan view of the 
magnetic head according to the present example as viewed at 
the side of the signal detection surface. 

As shown in FIG. 25, in the present example, a free 
layer 214c in the region except a Junction region 234 
between a fixed layer 218 and the free layer 214c is bent 
away f rom the f ixed layer 218, and furthermore the bent 
part of the free layer 214c is bent away from a shield 
layer 212a. Thus, a spacing between the shield layer 212a 
and a shield layer 212b can be small, whereby a portion for 
detecting signals can be micronized. The magnetic head is 
applicable to higher recording density of magnetic storage 
mediums . 

( Modified Embodiments ) 

The present invention is not limited to the 
above-described embodiments and can cover various 
modifications ♦ 

For example, in the first embodiment it is possible 
that the lower layer 10 functioning the free layer is 
extended away from the signal detection surface, and the 
end of the extended lower layer 10 is connected to a shield 
layer of high permeability. Thus , the influence of the 
demagnetizing field in the sensor portion 13 can be further 
decreased, and higher detection sensitivity can be 
provided . 

In the first embodiment it is possible that the lower 
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layer 10 is formed as the free layer 214b shown in FIG. 24. 
That: is, it is possible that the sensor portion 13 is bent 
away from the upper layer 12 in the region except the 
sensor portion 13. Thus, magnetic field from record bits 
of adjacent tracks can be made less influential, whereby 
the magnetic head is adaptable to thigh recording density 
of magnetic storage mediums. 

A magnetic head using the magnetic sensor according to 
the first embodiment is applicable to hard disk devices. 
The magnetic sensor of such high sensitivity is used, which 
makes hard disk devices adaptable to high recording density 
of magnetic storage mediums. 

In the second to the fifth embodiments, the free layer 
is connected to the shield layer, but the free layer may be 
connected not only to the shield layer, but also suitably 
to a magnetic body of high permeability . 

In the second to the fifth embodiments, the magnetic 
heads have been explained, but hard disk devices using the 
above-described magnetic heads can be provided- A 
plurality of such hard disk devices are used to provide a 
disk array device. 

In the first to the fifth embodiments the free layer 
and the fixed layer are formed of an NiFe layer and a Co 
layer. However, materials of the free layer and the fixed 
layer are not limited to NiFe layer and Co layer. The free 
layer and the fixed layer may be formed of other layers as 

- 61 - 



long as they can realize the ferromagnetic tunnel junction. 

[INDUSTRIAL APPLICABILITY] 

The present invention is suitable for magnetic 
sensors, magnetic heads, magnetic encoders and hard disk 
devices, more specifically to magnetic sensors, magnetic 
heads, magnetic encoders which can realize good 
sensitivity, magnetic heads which are adaptable to high 
density of magnetic storage mediums of high density and 
hard disk devices of large storage capacities using the 
magnetic heads. 
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CLAIMS 



1 . A magnetiic sensor including a ferromagnetic 
-tunnel junction, comprising: 

a free layer a magnetic direction of which freely 
rotates; and 

a barrier layer formed on the free layer and having a 
smaller thickness in a first region, 

a region of the free layer corresponding to the first 
region functioning as a sensor portion for sensing an 
external magnetic field. 

2* A magnetic sensor according to claim 1, wherein 

the barrier layer is formed by oxidizing the surface 
of a metal . 

3. A magnetic sensor according to claim 1 or 2, 
further comprising: 

a fixed layer formed on the barrier layer; and 
a anti ferromagnetic layer formed on the fixed layer 
and fixing a magnetic direction of the fixed layer. 

4. A magnetic sensor according to claim 3, wherein 
the free layer in a region where the fixed layer is 

not formed is bent away from the fixed layer. 

5. A magnetic head comprising the magnetic sensor 
according to any one of claims 1 to 4. 

6. A magnetic encoder comprising the magnetic sensor 
according to any one of claims 1 to 4. 
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7* A magnetic head comprising a ferromagnetic tunnel 
junction element including a free layer a magnetic 
direction of which freely rotates, and a fixed layer which 
is opposed to one surface of the free layer through a 
barrier layer and a magnetic direction of which is fixed by 
a anti ferromagnetic layer which is adjacent thereto, 

the free layer being connected to a member of high 
permeability . 

8. A magnetic head according to claim 7, wherein 

the free layer is connected to the member of high 
permeability in a region spaced from a signal detection 
surface . 

9* A magnetic head according to claim 7 or 8, 
wherein 

the free layer is connected smoothly to the member of 
high permeability, neighboring the same. 

10. A magnetic head according to any one of claims 7 
to 9, wherein 

the member of high permeability is a shield layer 
formed, spaced from the ferromagnetic tunnel junction 
element . 

11. A magnetic head according to any one of claim 7 
to 10, wherein 

a thickness of the barrier layer near the edge of the 
fixed layer is larger than a thickness of the barrier layer 
near a central part of the fixed layer. 
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12. A magnetic head according to any one of claims 7 
to 11^ wherein 

the free layer is formed wider in a region spaced from 
the signal detection surface. 

13. A magnetic head according to any one of claims 7 
to 12, wherein 

the fixed layer is not exposed to the signal detection 
surface. 

14. A magnetic head according to any one of claims 7 
to 13, wherein 

the member of high permeability is grounded. 

15. A magnetic head according to any one of claims 7 
to 14, wherein 

the free layer in a region which is not opposed to the 
fixed layer is bent away from the fixed layer. 

16. A magnetic head according to any one of claims 
7 to 15, wherein 

the ferromagnetic tunnel junction element further 
includes another fixed layer which is opposed to the free 
layer through another barrier layer formed on the other 
surface of the free layer, a magnetic direction of said 
another fixed layer being fixed by another 
antif erromagnetic layer which is adjacent thereto. 

17. A hard disk device comprising the magnetic head 
according to any one of claim 5 and claims 7 to 16. 

18. A disk array device comprising a plurality of the 
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hard disk devices according "to claim 
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ABSTRACT 



A magnetic sensor including a ferromagnetic tunnel 
junction, comprises a free layer 10 a magnetic direction of 
which freely rotates, and a barrier layer 11 formed on the 
free layer and reduces a thickness in a first region, the 
free layer in a region corresponding to the first region 
functioning as a sensor portion for sensing an external 
magnetic field. Such magnetic sensor can provide magnetic 
sensors, magnetic heads and magnetic encoders having high 
sensitivity. Furthermore, such magnetic sensor can provide 
magnetic heads which are adaptable to high recording 
density of magnetic storage mediums, and hard disk devices 
of large storage capacities using the magnetic heads. 



- 67 - 



1/25 

FIG. lA 




ill 9:31 iR ^.g-.g:,, 3 ... fll -•■„ li 513. ;ri r']; 

09/581468 



2/25 



FIG. 2 



24.0 1 — I — I — I — I — I — I — I — I — I — i — I — 1 — I — I — i — I — I — r 




H(Oe) 



3/25 




4/25 



FIG. 4 



420- 

418- 
416- 
414- 



FIXED I 



410 



s.i^, -if '""^i - 

09/581468 



5/25 



FIG. 5 

d2 



402 




09/581468 



7/25 



FIG. 7A 



15-1 16 12 11 10 




-15-2 



FIG. 7B 



150-1 120 110 100 




09/581468 



8/25 



FIG. 8 




091/5M4 68 



9/25 

FIG. 9A 




FIG. 9B 




FIG. 9C 

20 





1 1 - 




















-2 



FIG. 9D 

13 



10/25 

FIG. lOA 



.^8 




FIG. IOC 

I — 7 13 



—9 




11/25 



FIG. IIA 




FIG. lie 



12/25 

FIG. 12 A 



—8 




FIG. 12B 




FIG. 12C 





— 17 13 






— 7- 

1 






^6 . ^ 
^5-1/5 




'1 — = 







13/25 

FIG. 13 A 



TMR2 



TMR3 



51-1 



51-6 



TMRl 




IJ/TMR4 



A-OUT 



GND 



50 



54-1 



54-6 



FIG. 13B 



V 



51-1 — 

TMRl 
51-6 

A-OUT 

53-1 

TMR3 

53-6-^ 



— 52-1 

TMR2 
-^52-6 
B-OUT 



^54-1 
TMR4 
~^54-6 



GND 

FIG. 13C 




r 



14/25 

FIG. 14A 

A 



RESISTANCE 
VALUE 




11 
10 



RH 



H 0 

MAGNETIC FIELD 



H 



12 
4- 



Mupper 
Mlower 



r 



FIG. 14B 

A 



N 



SENSOR 
LOCATION 
[1] 



SENSOR 
LOCATION 
[21 

SENSOR 
LOCATION 
[3] 

SENSOR 
LOCATION 
[4] 



55 



N 



N 



TMRl TMR2 TMR3 TMR4 



HRL 



RO 



"^RH 



PI 

i RO 



!— 50 



A/4 



TMRl TMR2 TMR3 TMR4 



RO 



^RH 



•^RO 



RL 



TMRl TMR2 TMR3 TMR4 





RH 



RO 



RL 



TMRl TMR2 TMR3 TMR4 



RO 



RL 



RO 



RH 



VA=VH 
VB = VO 



VA = VO 
VB = VL 



VA-VL 
VB = VO 



VA-VO 
VB = VH 



- ^ 69 /$ ATA 

15/25 

FIG. 15 A 



V 



TMRl 

VA 

TMR3 




TMR2 

VB 

TMR4 



GND 



FIG. 15B 




0 A/2 A 

DISPLACEMENT AMOUNT 

[IJ [2J [3J [4] [1] 

SENSOR LOCATION 



Q zz\: yr|; i :LJ , < 



16/25 




N POLE 

S POLE 



FIG. 16B 



TMR2 TMR3 
TMRl TMR4i 

II I f 

ft I ■ « 

ft ■ ■ f 

ft ft ■ f 

ft i fl f 



' ^ V. i ^. • J r*^ -1 r:.; f iji ^ Of. '1 Tpv r>i tH; 

09/ 



17/25 

FIG. 17 A 



222 214 222 




230 212a 



FIG. 17B 



f 




222^228^(^224 221X222 
220^^1^j^^T^230 



18/25 




O ^^"^ 1 ¥ 'CI ^i'-' % '^i?^ £i 



097581468 



19/25 

FIG. 19A 




212b 



222 



/218^214:; 



220 216 



222 



230 



212a 



FIG. 19B 



f 

222 220 



202182^^214 V 



222 



^234 



230 



20/25 



FIG. 20 



214 
^22422? 




222 220 /226f 240 216 
228 236 



222 



"2183" 



230 



21/25 

FIG. 21A 




222/"218^214 
220 216 222 



230 



/// 
GROUND 



FIG. 21B 



t- 



t 



222 220 2l5V 214 
216 



222 



230 



^234 



o ^1 H !i ^ * r . tr:;. .i„ r3 f ii 

09/581468 

22/25 



FIG. 22 




210a 



23/25 



FIG. 23 




214a 



t 

230 



'^"'^l -'J- rr'4i r^^I '-'"^M 

0975 81468 



24/25 



FIG. 24 





212b 



220 
218 



212a 



234 



09/5 814 68 



25/25 



FIG. 25 



212b 





212a 



234 



17-05-2001 17:01 



^ I ASSOCIATES 




Und«r tSa Papmorti ftwfuction Act of 10Q6. no pmofu 



Af Hi re*! ^ ftr U— Ihro^jh OOCkOa. OMO COS t -0032 
P«iw4 and Trad«mar1( Offioa; DEPARTMENT OF COMMEACC 
■ni f*|utri^ to raapcnd to • oolUcdon of IrtfofrrwftSon un>— > rt li pfy ■ ■ v«fld OMB oontmi nunb«r. 



Declaration and Power of Attorney For Patent Application 
* — Japanese Language Declaration 



<L^£d9f. ^tlFJt, C3J9l2T'IS«>:^0£^4oft(Cl£tt$iv My mid«nc«, post omc« 



ftddres* ^nd dtUmstilp m mm stated 



T2eo«9^0ft9!lCMLXIX3ft«iB^2aaC$iv 49^mM J MUv« I mttM original. fMmf sol. Iiivm^ 
LTt^a^Wl^ie^l^oV^r, U±^^k^yt^^V^—^^m1t (T UOstcd bekm) or «n offgnm. m and JoM inventor (TT plural 



iiamM m ltet«d liclaiM) orOMotfilectftaacf which tscUfcncd and 
for wfilch a pMera im aouoM on lh« Invention antltrad 



MAGNETIC SEMSOR, MAGNETIC HEAD, - 
MAGNETIC ENCODER AND HARD DISK DEVICE 



th* •p«clflcaCion of whtcti fa attachad h«rolo unlan tha fallowing 
box Is crtecttcd: 



as Unflad Slates AppCIcarOoa NtvnlMr or 
PCT Iidcmattonai Application Numibar 



lltcr«^yatat«ttutlhav«f«vl«wcd«ndiind«r«tmd ttM contents of 
th« abova kIcntirM specfgcation. Including tha cUlma, as 
amcndad by any amani*ncnl rafarrad to abim. 



. 3 7 1*56 ^\Z^n * ll, a t I adcnowladgc Um duty to dlccloaa fcifomutlon which \m imtartal to 

<*?lFRf&£7D*«»fcOlrxTa3?nf««l«:WS^-r-J5l5»ii« patenrabnity as defined lnTHIc37. Code crPederal U^Mnns, 
*>iCi:^rSa0^f- Section 1-5<. 
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Bunton Hour Sui«mcat: Hii. rarm U «ilimaud lo uU 0,4 houn to cocnpUte. Tuna wUJ >«fy d^piKfldf upon lh« mmmd% «f di« iodmdud w*. Aiiy coowMnu on tfi. 
WKini of iIoM you «ra Mquirwl «o eAfitpI«i« d»;« fecm should b« mi u «h« CbUria/^vrmcIon Oflkcr« P*«ni uid Tradenurk Offica, Wuhu^ctai. DC 2023 J . DO NOT 
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Cofnfm«.ttfMr of P-Unu Tmd^iMrU, WmiKngum. DC 2023 1 . 
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' ov^fbruM through 9O0m. OMB0651-O037 

Pmfari mnt Mah^Onksm: U.S. OEPARTM£NT OF COMMERCE 

Undef tfx Pttp<y>nx» R*ductkxt Ad of no pf^ooa m r«qulr«d to mpond to a ooUdJon ol Infcvrnffan unim « dt^tl^ ■ vrfdOMB o«irtf7o| numtMr 



Japanese Language Declaration 



4fiH. ^fcC3&MjK3 5 01 1 9^ (a) - (d) :gf3tli3 6 S& 

lines -cff^wjFtamta u < »i3ZW^CE<oa3Wco*.xro^ns 



Prior Foreign Appllcatlon(s) 

10-289781 

(Number) 

l0-30Slt'^ 

(Number) 



Japan 



(Country) 



(Country) 



(Application No.) 



(Fjiing Date) 



^i:, *lBffl<;o4-W:fcflaKcQrt«F36J3|tC3&^lR3 5»1 1 2* 



PCT/JP99/05568 

(Application No.) 



(Application No.) 



Oct- 8, 1999 
(Filing Date) 



(Filing Date] 
(fctifilB) 



1 hcfBby cUlm rorclgn priority undvr Tf(1« 38. tJnItcd States C<Kfc. 
Section 11* t^Hd) or 3CS(b} of any foreign 4ppncatlan<s) for pat«m 
or Invantor'fl carllficate. or 3Cf(a) of any PCT fntcmational 
jpptiulion which designated Jtl«4Bton« country otfter than the 
Ur»ft«d Static ltct*d b«to«/ and hav* also Idenllffed below, by 
checfcino in« tMx, any foreign application rgr patent or Inventor** 
cartiricate. or PCT Intcmallonal application having a fliino date 
before lhaf ot the sf plication on wtdch prtortty U claimed. 

Priority Not Claimed 

October 12, 1998 

(Day/MontJ\/Vear Filed) ° 

October 29, 1998 
(Day/MonthrtTear Filed) 



i hereby ctaim the benefit under TttloSS. UnMcd SUtce Code. 
Section of «ny tMited States provfalofwl applScatlenfa) Hated 

beloM. 



(AppllcaUon No.) 
(itiIH«^) 



(Rflng Data) 



I hereby cUkn the berMltt under Tiae3«. UnHed SUtcs Code, 
Section 120 of any Un»tcd States appllcatfon(m), er3t«{c) of any 
PCT Intemitlonal appircatlon dealgnatlnii tho Unlted SUtcs, Itstcd 
below and. Insofar aithe aubject matter of each of Ih* dakna of 
thia application la not dladoaed bi the prior United States or PCT 
lnt«rTMt]orul appltcaltaa In ttte fnanner provided by the llret 
paragraph of Title 38. UnHed SUtes Code Section i 
acknowledge the duty to dlscloco Information which la fnalerlaltci 
paf antablnty aa defined fn Title 37. Code of Federal R«gul3tlona. 
S action 1.B6 whkh became available between the flUng date of (he 
prior appMcallan and the national or PCT IntemaaonaS fUlng dale of 
appUcatJon, 
Pending 

(Status: Patented. Ponding, Abandoned) 

(Status: Patented. Pending. Abandoned) 

I hereby dccUra that aU ctatemcnts mado herafn of my own 
knowledge arc true and that aO ctafements made on Information 

and belief are beCevcd 4o be true; and further Ihefl these 
KUIements were made with the knowledgo that wlSfM false 
Ktatamanla and the aite so mado 9f punishable fay line or 
tn^insanmcnt or botfi, under Section lOOt ■ of Tltlo 11 ot the 
United States Code and lhaf such %villfuf falsa sUfcmcnts may 
JcopardlXB the vafldity of the appficatlcm or arty patent Iscired 
(hereon. 
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Japanese Language Declaration 

^tttt:: ^ll-rK©559!*tLT. ^tKCfCHr^-e^O power of attorney: a- m lavntor. I hnr.ty , 



Attorney 
Patrick G. Bums 
Roger D. Greer 
Lawrence L Grain 
Steven P. Fallon 
Paul G- Juettner 



Reg. No 

29,367 

26,174 

31,497 

35,132 

30^70 



A ffom r^y 

James K- Folker 
Jonathan D. Feuchtwang 
B. Joe Kim 

Carole A. Mickclson (Agent) 



Reg. No. 

37,538 
41,017 
41,895 
30,77fi 





Send CorrcspcrfiJcnce to: 

CHrtct T^laptXMM Catta to: iamwm mnd Mmgshonm numbm^ 

Patrick G. Bums, Esq. 
Greer, Bums & Crain, Ltd. 
Sears Tower- Suite 8660 
233 S Wacfccr Drive 

Oiicago, IL 60606 (3 1 2) 993-0080 




f uO nam of «el* Of nrat lnv*rtor 












Jar>an 






CftUeruhlp 

Japan 




c/o Fujitsu lL,imited 




1 1/ Kamikodanalca 4-choine, Nakahara-ku, 
— . ^ KawasaJci'Shi, Kanagawa 211-8588 Japan 




^ — 


IHtf nantror Brand ioinc lnv«fte« If any 

Hidevuki Klkuclil 














Japan 




w« . 

Cttzwtth^ 

Japan 




PodtOlfiovAMrm 

— , c/Q Fujitsu Limited 




1-1 r Kami Kodanaka ^^home , Nakahara^ku , 
^ ■ — j^vasaki-shi , Kanaqava 211.8588 Japan 





JvUil lflv<Ti|ora.| 
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